Remote sensing of vegetation by using active microwave sensors is important for the management of land and water resources. Microwave radiation at X-band penetrates only the upper part of the canopy; thus, radar backscattering comes mainly from the top vegetation layer, making the scattering from soil almost negligible. Fourteen in-situ measurement campaigns were carried out during which sixteen SAR images of COSMO-SkyMed and TerraSAR-X were acquired on the test site of Merguellil Basin, in the center of Tunisia, from March to May 2012. A clear sensitivity of the backscattering coefficient, measured by both sensors, to the leaf area index (LAI) of green plants of wheat and barley (at both HH-and VVpolarizations) was observed, and it did not seem to be greatly affected by the variations in soil moisture, even in HH polarization. As expected, the sensitivity to LAI of dry plants was, instead, almost negligible. The decreasing trend of backscattering as vegetation grows, which has already been observed in past investigations, also at lower frequencies, was confirmed. Due to the similar geometry and dimensions of the two crop types, none of the sensors succeeded in separating the two crop types.
Introduction
Remote sensing of vegetation using active microwave sensors can provide significant help in investigating the Earth's surface at different spatial scales and with very frequent revisiting times. Synthetic Aperture Radar (SAR) sensors have proved to be the most useful platforms for a high-resolution surface analysis (e.g. Baronti et al. 1995 , Moran et al. 2000 , Shi et al. 1997 .
Several SAR satellites have been launched recently, and other missions are planned for the near future: e.g. COSMO-SkyMed (COnstellation of small Satellites for Mediterranean basin Observation) (Italy), TerraSAR-X (Germany), SeoSAR (Satélite Español de Observación SAR), Sentinel-1 (European Space Agency), Radarsat RCM (Radarsat Constellation Mission) (Canada), Kompsat 5 (KOrean MultiPurpose SATellite) (Korea), RISAT (Radar Imaging Satellite) (India).
From the analysis of these data, significant information on soil and vegetation parameters was retrieved, and therefore these techniques are being increasingly used to manage land and water resources for agricultural applications, such as leaf water potential (Maltese et al., 2011) , soil water content (Ferrazzoli et al., 1997; Paloscia et al., 2004; Paloscia et al., 2008; Aubert et al., 2011) , irrigation water management (AlRumkhani and Din, 2004; Cammalleri et al., 2012; Dente et al., 2008; Hadria et al., 2010) and flood prediction (Aubert et al., 2003; Bates, 2004; Mason et al., 2010) .
COSMO-SkyMed (CSK) and TerraSAR-X (TSX) are two European SAR missions, the first one is supported by the Italian Space Agency (ASI) and the second one by the German Aerospace Center (DLR). Both constellations consist of an X-band SAR satellite-borne sensor, in multiple polarizations and angular configurations, capable of achieving very high temporal and spatial resolutions, which can provide suitable data for an operative crop monitoring and for all the applications related to the precision farming (Balenzano et al., 2011; Bouman and van Kasteren, 1990; Capodici et al., 2013; Fieuzal et al., 2013; Santi et al. 2012) .
Mapping vegetation using X-band sensors has, nonetheless, certain limitations (Ulaby et al. 1986) , because radiation at X-band penetrates only into the upper part of the canopy, thus relating the radar backscattering coefficient (°) to the top layer of vegetation. This weak penetration makes the contribution to the scattering from soil surface almost negligible, therefore limiting the effect of soil moisture under vegetation on the measurement.
A consistent research activity was carried out by IFAC-CNR (Institute of Applied Physics of the National Research Council), CESBIO (Centre d'Etudes Spatiales de la BIOsphère) and INAT (Institut National d'Agronomie de Tunisie) groups to explore the sensitivity of ° measured from soil and vegetation by using data from these two satellites (e.g. Anguela et al., 2010; Aubert et al., 2011; Santi et al., 2011 and Paloscia et al., 2012; Pettinato et al., 2013) .
In this letter, we focused our attention on the relationships between ° and leaf area index (LAI) of wheat and barley crops on the semi-arid agricultural test-site of the Merguellil Basin (Tunisia), which have been carefully investigated by using a high number of satellite images and a consistent dataset of accurate ground measurements.
Methods

Description of the test site
The test Site of Merguellil ) is a station in the Kairouan plain characterized by a semi-arid (35.57°N; 9.87°E). The rainfalls are very variable, from 200 to 550 mm year -1 .
The area has an agricultural profile that has been significantly altered by extensive water and soil conservation works. In this plain, agriculture represents the main water use and depends on extractions from the local aquifer. The main crops are cereals, olives, tomatoes, melons, water melons, chili pepper.
The Merguellil catchment has limited and fragile water resources, and faces increasing water demand, which has led to an overexploitation of the groundwater.
Measurement campaigns
Fourteen measurement campaigns were carried out during the period from March to June 2012, as shown in table 1.
Field measurements were carried in 25 agricultural fields of average dimensions of about 4 ha, gathering 4/6 samples per field, according with their dimensions. Ground measurements consisted of plant height (cm) and density (plants m -2 ), stem diameter (cm), number of leaves per plant and their dimensions, angle of insertion of the leaves, plant biomass (kg m -²), leaf area index (LAI, m² m -²), and plant moisture (M v %, computed as the difference between fresh and dry plant weight normalized to the fresh weight). Volumetric soil moisture content (SMC, cm 3 cm -3 ) was measured by using a portable ThetaProbe, and soil surface roughness by using a needle profilometer. Leaf area index (LAI) was selected as the parameter related to vegetation (wheat and barley) growth. An indirect method for LAI determination based on hemispherical canopy photography (HCP) was selected, in order to obtain faster and easier in-situ measurements. HCP is a technique for studying plant canopies via photographs acquired through a hemispherical (fisheye) lens from beneath the canopy (oriented towards zenith) or placed above the canopy looking downwards (Jonckheere et al., 2004) .
SAR images
Sixteen SAR images were acquired during the period from March to May 2012 (eight from TSX and eight from CSK). The characteristics of these images are shown in table 2. The backscattering coefficient (°) values derived from eight SAR images were correlated to the corresponding in-situ measurements; therefore, only these images were used in this letter.
The available single-look images were multilooked with a window size of 5 pixels × 5 pixels in range and azimuth direction, in order to reduce speckle. The TSX Spotlight images were delivered already multilooked.
Each image was radiometrically calibrated using the software SARScape©4.4 (Holecz et al., 1993) . During the same processing step, SARScape© was also used to georeference the images, using SRTM-4 (Shuttle Radar Topography Mission) (Kropatsch and Strobl, 1990; Frei et al., 1993; Meier et al., 1993) .
In spite of the georeferencing process, some discrepancies may still have remained between the different SAR sensors, and each image was thus co-registered to an optical SPOT (Système Pour l'Observation de la Terre) image, with 10 m spatial resolution, which was used as a reference.
The images, correctly georeferenced and co-registered, have a common square pixel dimension of 10 m.
Results and discussion
The analysis was carried out by directly relating ° values at both HH and VV polarizations to LAI of wheat and barley measured on ground. We reported the results obtained at HH and VV polarizations separately. For one date, 16 April, both TSX and CSK satellites flew over the site and their data have been compared, although they have been acquired with a slightly different incidence angle (TSX: 35°, and CSK: 45°). A significant variability was observed in the LAI measurements, at each date, due to the high heterogeneity of the fields in terms of plants density, phenological stages and plants geometry. Fields irrigated during the satellites passes were excluded from the analysis.
A general decreasing trend was noted in the ° as the wheat and barley plants grew, as has already been observed at lower frequencies (i.e. C-band) in other experiments (e.g. Macelloni et al., 2001 ). This behavior is typical of narrow-leaf crops (such as wheat, barley, alfalfa) at high frequencies, mainly at VV polarization, due to the high absorption of the vertical structure of thin and dense stems (Macelloni et al., 2001; Paloscia et al., 2012) .
The effect of soil and vegetation moisture was also investigated.
Results of the analysis of the HH polarization data
The TSX ° values of the images collected in March (14 and 25 March 2012) were correlated with LAI data of the corresponding field measurement campaigns. During this period, the plants underwent very fast growth. On 14 March the vegetation had an average height of 30-40 cm, while on 25 March the height reached 80-100 cm, and some plants already had a small ear (heading phase). The average soil moisture content was 22% on 14 March and 11% on 25 March.
In figure 1 while for both datasets cumulated is 0.61. It can be observed that there was a clear decreasing trend as the LAI increases, with a generally rather high sensitivity to LAI, especially on 14 March, probably because the vegetation conditions inside the fields were more homogeneous. The p-value for both datasets resulted to be < 0.05. The effect of SMC variations was checked and found to be very low. The direct correlation between ° and SMC produced, in fact, R 2 <0.25, in spite of the general rather high sensitivity of HH-polarization to soil moisture, even on moderately vegetated soils.
Results of the analysis of the VV polarization data
The vegetation reached its maximum growth during the first week of April 2012, when the Vegetation Moisture (M v ) was In this period two images from CSK and TSX, both in VV polarization, were acquired, on 8 and 5 April, respectively. The average soil moisture content was 12% on 5 April. On 8 April no data regarding soil moisture were available, but the value should have been reasonably very close to that of 5 April. By comparing the datasets separately for each date, the obtained experimental relationships are the following: It can be noted that, also in this case, there was a clear decreasing trend as the LAI increases for both sensors, with rather high determination coefficients (R 2 0.67 for CSK and R 2  for TSX) and similar slopes (0.8). n some fields, the presence of a young ear was visible, but none of the sensors was able to detect it. The p-value is < 0.05. M v remains almost constant for the considered period, since its values drop down to 0.5-0.6 only in the senescence phase, which is a period not investigated in this analysis. Although the CSK images were acquired with a higher incidence angle (45°) than that of TSX (35°), the sensitivity to LAI was almost the same for both TSX and CSK (R 2 0.70 for CSK and R 2 =0.76 for TSX). It should be noted that the average backscattering level of TSX was about 2 dB higher than CSK, as it has already been reported in Paloscia et al. (2012) , Santi et al. (2012) , and Pettinato et al. (2013) . In any case, the difference between the incidence angles would cause an opposite behaviour, with CSK data showing higher level of backscatter.
In figures 3 and 4, the ° values in VV polarization, collected for all the available dates (10) At the end of April 2012, the barley and wheat plants were drying rapidly, and therefore the correlation between LAI and plant water content decreased. Thus, the X-band ° of both CSK and TSX sensors showed a lower correlation to LAI, since the radar signal is physically more related to the water content.
The average SMC was 9% on 27 April. No data regarding soil moisture are available on 24 April, although the value was likely close to that of 27 April.
A further LAI measurement campaign was carried out on 4 May 2012, when vegetation was senescent. It was therefore impossible to obtain reliable LAI values using the hemispherical canopy photography (HCP) technique. In fact, this technique produced reliable LAI measurements for values higher than 0.2 only (Demarez et al. 2008 ).
Conclusions
Although X-band is not the best frequency for monitoring soil and vegetation parameters, due to the weak penetration into canopy and soils, a rather high sensitivity of the ° of CSK and TSX sensors to wheat and barley LAI (at both HH and VV polarizations) was observed during this research work.
First of all, the decreasing trend of ° as the vegetation grew, typical of narrow-leaf crops (e.g. wheat, barley and alfalfa) and caused by the strong absorption of thin and dense vertical stems (Macelloni et al. 2001 , was confirmed.
In general, we observed that the determination coefficients of the regression equations between ° and LAI were higher than 0.6-0.7, with a slope of about 0.8.
The p-value obtained for all correlations is always < 0.05, due to the significant amount of experimental data and the rather high determination coefficients.
The sensitivity to the LAI of almost senescent plants was instead not significant, since the backscatter is mainly related to the total amount of water present in vegetation (and therefore to the plant water content), which considerably decreases in the ripening phase. M v remains almost constant for the considered period, since its values drop down to 0.5-0.6 only in the senescence phase, which is a period not investigated in this analysis.
Although CSK images were acquired with a higher incidence angle (45°) with respect to TSX (35°), the sensitivity of both the sensors to the LAI was almost the same, and the average ° level of TSX was found to be slightly higher (by about 2 dB) than CSK, as it has already pointed out in previous investigations. Moreover, due to the strong similarity in geometry and dimensions of the two crop types, none of the sensors (TSX and CSK) was able to separate the barley from the wheat crops.
The sensitivity of ° in VV and HH polarizations to LAI during the observation period, at the end of which the vegetation was completely developed, did not seem to be greatly affected by the variations in soil moisture and remained high, with R 2 >0.70. The effect of soil moisture was investigated and it was found, as expected, to be weak in March and almost negligible in April and May, when the vegetation was fully developed. The sensitivity to SMC was very low even in HH polarization, which is the most sensitive mode to this parameter. 
